Abstract: Given that most commodity transportation depends on the maritime industry, the growing economy and increasing international trade volume are expected to accelerate the development of shipping activities and thus increase associated CO 2 emissions. In order to identify the driving factors of CO 2 emissions from China's international shipping and find efficient mitigation strategies, this paper first estimates the CO 2 emissions and presents the CO 2 emissions features from 2000 to 2017. Second, the Logarithmic Mean Divisia Index (LMDI) method is applied to decompose the changes in CO 2 emissions. Finally, the decoupling index is introduced to quantitatively examine the decoupling relationship between economic growth and CO 2 emissions. The factors affecting the decoupling relationship are analyzed according to the LMDI results. The results indicate that CO 2 emissions in maritime transport activities have experienced rapid growth during the study period. Economic growth appears to be the principal factor driving the CO 2 emissions growth, whereas the overall effects of energy intensity and the commodity structure play a significant role in inhibiting CO 2 emissions. The decoupling state over the study period has experienced four decoupling stages, with a distinct tendency towards weak decoupling. Economic activity has proven to be the most significant indicator influencing the decoupling relationship during the study period.
Introduction
The international shipping sector is the backbone of global trade and facilitates transport among nations. Given that over 80% of the global trade volume is operated by shipping, the significance of maritime transportation cannot be overemphasized [1] . Although usually identified as an energy-efficient freight transportation mode, international shipping, in fact, relies on heavy fuel oil consumption, which increases contributions to both energy consumption and CO 2 emissions [2] . From a global perspective, maritime transport contributes 3.1% of overall CO 2 emissions due to fuel combustion, and approximately 84% of maritime transport CO 2 emissions are generated by international shipping (trips between nations) [3] . It is predicted that CO 2 emissions from international sea transportation will grow by up to 250% by 2050 if no action is taken [4] . The increasing fuel consumption and its associated carbon emissions have negative impacts not only on climate change but also on human health [5] .
The international maritime transportation of China has experienced considerable growth, driven largely by the reform-and-opening policy of recent decades. Our calculations reveal that the seaborne volumes generated by China's international trade expanded approximately six-fold from 0.73 billion tons to 5.15 billion tons between 2000 and 2017, and represented 44% of the total world seaborne trade in 2017. Consequently, the dramatic growth of international seaborne trading activities produces a level decoupling research. Combined with the LMDI method, the decoupling analysis investigates not only the dynamic changes of the decoupling relationship between CO 2 emissions in the maritime sector and economic growth but also the factors affecting the decoupling relationship. This allows the authorities to understand the decoupling states of the maritime industry and formulate measures to achieve low-carbon maritime transportation.
The findings of this study are likely to provide crucial instructions not only for the Chinese government but also for the IMO, to determine which strategies should be implemented and how to realize sustainable development in international ocean shipping. The paper proceeds as follows: Section 2 presents a brief review of existing studies; Section 3 introduces the adopted methodologies and data collection process; Section 4 discusses the empirical outcomes of the decomposition and the decoupling analysis of CO 2 emissions; Section 5 presents concluding remarks and policy suggestions.
A Brief Literature Review
The rapid increase in CO 2 emissions attracts public attention to environmental sustainability. The aim of sustainable development is to ensure that environmental damage does not grow with economic growth; this is defined as the decoupling state [10] . The definition of decoupling is initiated in physics rather than the environment, and refers to the elimination of the effect of mutual interference between signals. Decoupling theory was first adopted by Zhang [11] for exploring the relationship between economic activities and CO 2 emissions. The Organization for Economic Co-operation and Development (OECD) was the first organization to propose the definition of decoupling as eliminating the linkage between environmental quality and economic activities [12] . However, the OECD model has several disadvantages, such as inaccurate measurement and unclear criteria [7] . To overcome these obstacles, an extended decoupling model was developed by Tapio that was used to describe the relationship between road transport CO 2 emissions and economic development [13] . Decoupling analysis, which is considered to be a more specific concept that requires less calculation, has been used by a number of studies focusing on China to examine the relationships between economic growth, energy use, and emissions [14] .
In addition, an increasing number of studies have started to focus on the decomposition of CO 2 emissions changes to identify the driving factors. There are many decomposition techniques available to decompose the CO 2 emissions changes into various driving factors. Among them, structural decomposition analysis (SDA) and index decomposition analysis (IDA) are two popular approaches that have been widely used [15] . SDA analysis depends on the input-output model and is more comprehensive to obtain more accurate results [16] . However, the high data collection requirements of SDA are considered to be an important disadvantage [17] . Compared with SDA, the demands for data of the IDA method are expected to be relatively lower. There are two branches of IDA: The Laspeyres index approach and the Divisia index approach [18] . The Divisia index method has been extended to LMDI decomposition, as proposed by [19] . The LMDI model overcomes the problems of residual terms in the decomposition and handles zero values in the data [20] . Regarding its significant advantages, LMDI has been identified as the most effective tool to study driving factors [19] . Many studies have adopted the LMDI method to study the decomposition of CO 2 emission changes in different industries. Tian et al. [21] decomposed CO 2 emissions from the Chinese iron and steel industry from two scopes and found that the population-scale effect was the main positive indicator, while energy intensity offset the total emissions increase. Yan and Fang [22] and Lin et al. [23] conducted LMDI decomposition to analyze CO 2 emissions changes in the chemical industry and manufacturing industry, respectively. Xie et al. [24] conducted a decomposition analysis on reducing CO 2 emissions in the petroleum refining and coking industry and argued that industry activity proved to be the main driving factor of the growth of CO 2 emissions, whereas energy intensity had the greatest adverse effect. Ma and Cai [25] analyzed the changes in CO 2 emissions in the Chinese commercial building sector by applying the LMDI method and found that only two driving forces contributed negatively to Chinese commercial buildings.
Academically, an increasing amount of research has been conducted to investigate carbon emissions issues in the transport sector. These studies have been primarily concerned with the general transportation level [26] [27] [28] [29] . With regard to specific sub-modes, most of the studies that have looked at the transportation sector have concentrated on the road sector, since it is the most widely used door-to-door transportation mode [30] [31] [32] . Since CO 2 emissions from the transport sector of China have witnessed rapid growth in recent years, the LMDI method has been applied to decompose CO 2 emissions changes in the transport sector of China at national, regional, and provincial levels [33] . Meanwhile, some studies in the transport sector have adopted the Tapio model to discuss delinking economic growth from environmental problems [34] .
Due to the deep decarbonization in the maritime industry, the topic of shipping decarbonizing has attracted considerable attention [2, 35, 36] . In particular, Wan et al.
[4] proposed a policy analysis, which revisited the progress of technical, operational, and market-based routes and their associated controversies. Balcombe et al. [37] reviewed the potential of multiple pathways for shipping decarbonization, including energy efficiency technologies, alternative fuels, and policies. They suggested that a combination of pathways is required. As for specific research on CO 2 emissions issues from water transportation, Walsh et al. [38] adopted a bottom-up approach to measure CO 2 emissions associated with the UK international trade by sea transportation and conducted a detailed discussion based on the results. Additionally, Lee et al. [39] investigated the impacts of Asian economic integration on maritime CO 2 emissions and identified the key driving factors of CO 2 emissions. To the best of the author's knowledge, there are only two previous studies in the literature that attempted to study CO 2 emissions in the maritime sector of China. Hao et al. [40] calculated the quantity of CO 2 emissions in China's freight shipping between 2006 and 2012, including inland waterways and coastal and ocean freight shipping modes. Additionally, Yang et al. [41] estimated CO 2 emissions in China's international seaborne trade and projected future trends of the emissions under four scenarios.
In general, the existing studies in China's water transportation were mainly concerned with the estimation and measurement of the quantity of CO 2 emissions. To the best of our knowledge, research on the decomposition of the CO 2 emissions changes in China-oriented international seaborne trade is absent. Under this circumstance, we employed an extended LMDI method to decompose the China-oriented CO 2 emissions changes into six driving factors, including the CO 2 emissions factor, energy intensity, commodity trade structure, maritime transportation intensity, and two other social indicators. Then, based on the decomposition model, we explored the decoupling relationship between the dynamic changes of CO 2 emissions development and economic growth through a combination of the decoupling model and LMDI method. In brief, currently, there is little literature focusing on the decoupling states between China's international maritime CO 2 emissions and economic growth, using either the simple decoupling index or the comprehensive combination technique adopted in this paper.
Methodology and Data

Bottom-Up CO 2 Emissions Estimation Approach
Two methodologies for the assessment of CO 2 emissions are proposed by the Intergovernmental Panel on Climate Change (IPCC): A top-down approach and an activity-based bottom-up approach [42] . Specifically, the top-down approach is based on fuel consumption data acquired from fuel suppliers or monitoring systems. International navigation fuel sales data are available for 29 countries worldwide, excluding China [4] . Therefore, it is unrealistic to obtain actual data from fuel suppliers according to the situation in China. Moreover, this method also has considerable uncertainty (e.g., lack of activity data) in the measurement of shipping emissions due to reflecting impractical maritime traffic [43] . The bottom-up method was developed according to the practical operations of shipping. Compared with the top-down approach, this technique is more feasible for developing many variants, depending on the set of inputs and identified conditions [44] . Regarding international shipping, the variances of the energy intensities of vessels are significant and depend on the vessel types [45] . The activity-based approach is expected to calculate CO 2 emissions by estimating each of the involved vessel types.
Under such circumstances, it was preferable to develop a bottom-up model to define the relationship between the seaborne trade and CO 2 emissions in this study. Based on the turnover volumes of the seaborne trade, the CO 2 emissions are accounted for by vessel types, as in Equation (1) . Such a linking method is widely adopted in the measurement of CO 2 emissions in the transport industry [26, 39, 40] .
where C t refers to the CO 2 emissions in the China-oriented international maritime activities in year t; FC t i represents the energy consumption of vessels of type i in year t, including crude oil tankers, products tankers, chemical tankers, liquid gas tankers, dry carriers, containerships, and reefers; T t i refers to the freight turnover volume of vessels of type i in year t; M t i represents the energy consumption per amount of transport turnover of vessels of type i in year t; K t i means the freight trade volume by vessels of type i in year t; D t i denotes the average distance travelled by vessels of type i in year t; and F t represents the CO 2 emissions factor of fuel in year t. In practice, ocean freight fleets always depend on residual fuel oil (HFO) [43] . Thus, the ocean-going fleets involved in this paper are all expected to use HFO. Indeed, the trade imbalance problem exists in international seaborne trade, which is associated with the trade flow. A vessel will not use all of its available capacity and will travel a proportion of the round trip while empty [38] . In this paper, the values of the energy consumption per amount of transport turnover of vessels are obtained by considering the capacity use of the vessels. Thus, the quantity of CO 2 emissions is estimated based on the trade turnover volume and presented in an aggregate value of round trips, including head haul and back haul.
It is likely that the fundamental problem of CO 2 emissions issues is finding a method for shipping to decarbonize. As can be seen from Equation (1), the quantity of CO 2 emissions is mainly dependent on improvement of the energy efficiency for the vessels and the adoption of alternative fuels. That is to say, the emissions from shipping are determined by the vessel efficiency and fuel type: Inefficient vessels consume more fuel and fuels varying in emissions are produced [37] . Moreover, the quantity of CO 2 emissions is also determined by the average distance of different types of ships. It is likely that CO 2 emissions from shipping are proportional to the average distance of vessels. The decrease in the average haul will contribute to the reduction of the CO 2 emissions. Since the influences of these related pathways on the CO 2 emissions reduction of China-oriented seaborne trade have been discussed in previous literature by Yang et al. [41] , this paper conducts further research on the driving factors of CO 2 emissions changes and decoupling states, building on the foundation of that research.
CO 2 Emission Changing Decomposition Approach
In this study, the LMDI model is adopted to identify potential influencing factors of the CO 2 emission changes from China-oriented international maritime transport activities. In order to identify the appropriate factors in this paper, the choice of factors in previous literature on the transportation industry was investigated. Three driving factors, including the CO 2 emissions factor effect, economic activity effect, and population effect, are the common influencing factors selected by researchers [27, 46, 47] . According to the features of the research focus, other considerations were taken into account in various studies. Apart from the three common factors aformentioned, Guo et al. [27] added the energy intensity effect and energy structure effect; Wang et al. [46] considered the transportation service structure effect and transportation intensity effect; Yu et al. [47] selected the energy intensity effect, transportation service structure, and transportation intensity effect. Based on the existing literature, the impacts of six explanatory factors are quantified in this paper, including the CO 2 emissions factor, energy intensity, commodity structure, maritime transportation intensity, economic growth, and population size. It should be noted that the commodity structure is defined based on the transportation service Sustainability 2019, 11, 2826 6 of 19 structure and the maritime transportation intensity is defined based on the transportation intensity. The LMDI analysis of the CO 2 emission changes from China's international seaborne trade activities is expressed as follows:
where FC t i represents the fuel consumption of vessels of type i; T t i refers to the transport turnover volume of vessels of type i; GDP represents the gross domestic product (GDP) of China; and P refers to the population size of China. Equation (2) can be further expressed as:
where CF denotes the CO 2 emissions factor of HFO; EI refers to the energy intensity effect of a certain vessel type, which describes the energy efficiency of the ships; TS refers to the percentage of the turnover volume share of the commodities carried by a specified vessel type of the total maritime transport turnover volume, which indicates the effect of commodity trade structure; TI denotes the maritime transportation intensity; ED represents the per capita GDP, which describes the economic development factor; and P is the population-scale factor. Because the observed period of this paper is not very long, we assumed that the CO 2 emissions factor of HFO remained steady across the entire period. The LMDI method includes two methodologies: Multiplicative decomposition and additive decomposition, and both forms are expected to obtain identical results [32] . Accordingly, an additive form was chosen for this study. Therefore, the decomposition analysis of the CO 2 emission changes from C 0 in the base year 0 to C t in year t can be described as the following:
where ∆C tot refers to the CO 2 emissions changes from the baseline year to year t, and ∆C ei , ∆C ei ∆C ts , ∆C ti , ∆C ed , and ∆C p denote the contributions of energy intensity, commodity trade structure, maritime transportation intensity, economic growth, and population size to the CO 2 emission changes, respectively. 
Tapio Decoupling Evaluation Model
The Tapio decoupling index is defined as the ratio of percentage change between CO 2 emissions and economic growth, which is represented as follows:
where D tot is the elasticity of the decoupling indicator from the base year to year t, and ∆C tot % and ∆GDP tot % denote the percentage changes of the CO 2 emissions in China-oriented international maritime transport and the economic growth of China from the base year to year t, respectively. Decoupling states are classified into three categories and then further divided into eight logical possibilities [13] , as seen in Figure 1 . To avoid overinterpreting slight changes as significant, an improvement is specified so that a ±20% variation of elasticity values near 1.0 is still considered as coupling. Therefore, 0.8 and 1.2 can be considered as the two significant boundaries for decoupling states. The Tapio decoupling index is defined as the ratio of percentage change between CO2 emissions and economic growth, which is represented as follows: Decoupling states are classified into three categories and then further divided into eight logical possibilities [13] , as seen in Figure 1 . To avoid overinterpreting slight changes as significant, an improvement is specified so that a ±20% variation of elasticity values near 1.0 is still considered as coupling. Therefore, 0.8 and 1.2 can be considered as the two significant boundaries for decoupling states. According to Equations (4) and (10) , the extended decoupling model based on the combination of the decomposition technique and the basic decoupling model can be obtained: According to Equations (4) and (10) , the extended decoupling model based on the combination of the decomposition technique and the basic decoupling model can be obtained: When ∆GDP t > 0, the value of the sub-indicator is smaller, and the degree of the decoupling effect is stronger. Thus, D sub < 0 implies that the sub-indicator promotes decoupling, while D sub > 0 represents a negative role in decoupling. On the contrary, if ∆GDP t < 0, the value of the sub-indicator is higher, and the degree of the decoupling effect is stronger. Accordingly, D sub > 0 represents a positive effect, while D sub < 0 represents a negative effect on the decoupling relationship [7] .
Data Sources
The definition of international maritime transport in this paper is in accordance with the definition from [4, 48] , namely referring to the shipping operations between countries regardless of vessel flag, [49] [50] [51] [52] [53] . According to the statistical data, the vessels operating as part of China's international commodity trade are subdivided into nine categories: crude oil carriers, oil product carriers, chemical tankers, other liquid tankers, liquid gas tankers, dry bulk carriers, containerships, non-containers, and reefer cargos. After a preliminary calculation, the combination volumes of non-containers and other liquid tankers together accounted for less than 1.5% of the total volume over the study period. Regarding the small contribution of these two vessel types, there are seven categories of vessels involved in this paper, exclusive of these two categories. The different cargoes carried by vessels and the main trade flow (export or import) are provided in Table 1 . Due to the unavailability of the shipping distances, we consider the world seaborne trade average shipping distances as our measurement. In addition, the population scale and GDP of China were obtained from the China Statistical Yearbook. GDP was converted to year 2000 prices to eliminate inflation effects. The energy consumption per unit turnover volume of each particular vessel type was obtained from [3, 39, 40] . Note that the CO 2 emissions factor is considered to be constant during the study period, referring to the data given by [4].
Results and Discussions
Trajectory of CO 2 Emissions
The CO 2 emissions can be estimated based on the seaborne trade demand, as described in Equation (1) . In fact, the relationship between China's GDP growth and its seaborne trade should be focused on, which is the prerequisite for the following research. The previous work on international seaborne trade has emphasized the issue. As a typical case, Yang et al. (2017) developed a log-linear regression model and suggested that variations in trade demand have been largely driven by the development stages of China's economy. It is likely that China is developing in a similar manner to other Asian countries [41, 54] . According to Equation (1), the CO 2 emissions in China's international maritime transportation activities can be assessed by seven classified vessel types: crude oil carriers, Sustainability 2019, 11, 2826 9 of 19 oil product carriers, chemical tankers, liquid gas tankers, dry bulk carriers, containerships, and reefer cargos. As can be seen from Table 1 , the main trade flows of most commodities are imports. The types of cargoes that a country imports and exports depend on its industrial trajectory. Regarding China, as a developing country that is undergoing an industrialization process, China is likely to import more raw material from foreign countries and then export industrial products [55] . However, due to the great disparity existing in the categories and the sizes of the vessels and the difficulty of defining the importing/exporting country or even importing/exporting ports in the seaborne trade, the CO 2 emissions of international trade are presented as an aggregate value, which reflects the quantity from the general perspective in this paper. Therefore, the aggregate CO 2 emissions are the accumulative CO 2 emissions from various vessel categories based on trade volume, as can be seen in Figure 2 . Generally, the aggregate CO 2 emissions increased rapidly from 32.93 million tons (Mt) in 2000 to 163.40 Mt in 2017, following an annual growth rate of 9.9%.
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The CO2 emissions can be estimated based on the seaborne trade demand, as described in Equation (1) . In fact, the relationship between China's GDP growth and its seaborne trade should be focused on, which is the prerequisite for the following research. The previous work on international seaborne trade has emphasized the issue. As a typical case, Yang et al. (2017) developed a log-linear regression model and suggested that variations in trade demand have been largely driven by the development stages of China's economy. It is likely that China is developing in a similar manner to other Asian countries [41, 54] . According to Equation (1), the CO2 emissions in China's international maritime transportation activities can be assessed by seven classified vessel types: crude oil carriers, oil product carriers, chemical tankers, liquid gas tankers, dry bulk carriers, containerships, and reefer cargos. As can be seen from Table 1 , the main trade flows of most commodities are imports. The types of cargoes that a country imports and exports depend on its industrial trajectory. Regarding China, as a developing country that is undergoing an industrialization process, China is likely to import more raw material from foreign countries and then export industrial products [55] . However, due to the great disparity existing in the categories and the sizes of the vessels and the difficulty of defining the importing/exporting country or even importing/exporting ports in the seaborne trade, the CO2 emissions of international trade are presented as an aggregate value, which reflects the quantity from the general perspective in this paper. Therefore, the aggregate CO2 emissions are the accumulative CO2 emissions from various vessel categories based on trade volume, as can be seen in Figure 2 . Generally, the aggregate CO2 emissions increased rapidly from 32.93 million tons (Mt) in 2000 to 163.40 Mt in 2017, following an annual growth rate of 9.9%. In the first phase, the aggregate CO 2 emissions experienced robust expansion, with a high annual growth rate of over 10%. This may be attributed to economic globalization at the beginning of the 2000s. During that period, the trade liberalization associated with China caused demand growth for China's international maritime transportation. In the second period, the growth of CO 2 emissions showed a sustained fluctuation year-over-year. We notice that between 2007 and 2008, the CO 2 emissions from China's international seaborne trade barely changed. This may have been due to the global financial crisis, which likely had an adverse impact on sea transportation. In the third phase, the maritime transport activities were likely to gradually recover from the shadow of the financial crisis, and both the international and domestic Chinese authorities paid attention to strengthening the construction of environmental restraints. Consequently, the growth rate of CO 2 emissions appeared to be relatively slower compared to the first phase, with a growth rate of less than 10%. During the last phase, from 2015, the CO 2 emissions increment rebounded to some extent, which may have been stimulated by China's new "belt and road" initiative. Figure 3 shows the proportions of CO 2 emissions from various types of vessel for the years 2000, 2008, and 2017. In 2000, it is likely that bulk carriers and containerships produced approximately similar quantities of CO 2 emissions, with a share of approximately 35% of the total CO 2 emissions, whereas liquid gas tankers accounted for the smallest proportion at only 1%. During the entire study period, the CO 2 emissions of all shipping modes showed an upward trend; nonetheless, the rates of increase were diverse. In 2017, bulk carriers proved to be the largest emitter, with approximately half of the overall emissions and nearly double that of containerships. The considerable expanded demand for bulk carriers may be due to the speeding up of urban construction in China in recent years. Note that the CO 2 emissions of liquid gas tankers expanded thirteen-fold between 2000 and 2017, with a value of approximately 2.4% in 2017. Some implemented environmental regulations, such as "coal to gas switching", are likely to have been responsible for the accelerated demand for liquid gas tankers. With the strong expansion and gas shortages in some cities, the Chinese demand for liquid natural gas is expected to continue to grow firmly with regard to the insufficient domestic natural gas output. In general, due to the robust expansion of the emissions emitted by bulk carriers and liquid gas tankers, the proportions of CO 2 emissions from products tankers, chemical tankers, containers, and reefer cargos declined during the study period.
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Decomposition Analysis of the CO2 Emissions
The influencing factors of the CO2 emissions changes in China-oriented international maritime transportation were uncovered by adopting LMDI decomposition. According to our calculation result, the decomposition results of the aggregate CO2 emission changes are shown in Figure 4 . The result indicates that the effects of each influencing factor on the changes in CO2 emissions are diverse. Generally, economic growth, population size, and maritime transportation intensity contributed to the incremental growth in CO2 emissions, whereas the energy intensity and commodity structure proved to be inhibiting factors during the observed period. The effects of the influencing factors are sequentially discussed in the following sections. 
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The influencing factors of the CO 2 emissions changes in China-oriented international maritime transportation were uncovered by adopting LMDI decomposition. According to our calculation result, the decomposition results of the aggregate CO 2 emission changes are shown in Figure 4 . The result indicates that the effects of each influencing factor on the changes in CO 2 emissions are diverse. Generally, economic growth, population size, and maritime transportation intensity contributed to the incremental growth in CO 2 emissions, whereas the energy intensity and commodity structure proved to be inhibiting factors during the observed period. The effects of the influencing factors are sequentially discussed in the following sections. First, GDP per capita is the most important contributor to the increase of CO2 emissions, which confirms the results of an array of studies on CO2 emission changes in the transportation industry [46, 56] . The growth of economic output contributed to an increase of 135.22 Mt of CO2 emissions, which was responsible for 103.6% of the total CO2 emissions changes. Our calculations show that over the past 18 years, the economy of China has experienced sustained take-off that has resulted in First, GDP per capita is the most important contributor to the increase of CO 2 emissions, which confirms the results of an array of studies on CO 2 emission changes in the transportation industry [46, 56] . The growth of economic output contributed to an increase of 135.22 Mt of CO 2 emissions, which was responsible for 103.6% of the total CO 2 emissions changes. Our calculations show that over the past 18 years, the economy of China has experienced sustained take-off that has resulted in the GDP per capita increasing from 7900 Yuan to 32,700 Yuan, which is equivalent to an increase of 310.6%. With regard to the contribution of economic growth, Figure 5 shows that during the period 2000-2017, the GDP per capita variation measurement had approximately the same trend as the system CO 2 emissions variation trend in most years. This may be attributed to the urbanization and industrialization of China in recent years. On the other hand, with the enhancement of people's living standards, there was a considerable increase in the demands of China's import-export trade during these years. First, GDP per capita is the most important contributor to the increase of CO2 emissions, which confirms the results of an array of studies on CO2 emission changes in the transportation industry [46, 56] . The growth of economic output contributed to an increase of 135.22 Mt of CO2 emissions, which was responsible for 103.6% of the total CO2 emissions changes. Our calculations show that over the past 18 years, the economy of China has experienced sustained take-off that has resulted in the GDP per capita increasing from 7900 Yuan to 32,700 Yuan, which is equivalent to an increase of 310.6%. With regard to the contribution of economic growth, Figure 5 shows that during the period 2000-2017, the GDP per capita variation measurement had approximately the same trend as the system CO2 emissions variation trend in most years. This may be attributed to the urbanization and industrialization of China in recent years. On the other hand, with the enhancement of people's living standards, there was a considerable increase in the demands of China's import-export trade during these years. After officially entering the stage of "new normal" [57] , China's economy will maintain mediumor even high-speed growth over the next five years, with an annual average growth rate of above 6.5% [58] . Therefore, it is likely that economic output growth will remain a significant contributor to promoting the increase in China's international seaborne trade CO 2 emissions in the long-term future. Moreover, the new "belt and road" initiative proposed by the Chinese government in 2016 will indeed stimulate the development of China-oriented international maritime transportation. This initiative aims to strengthen the construction of the "Ocean-Going Maritime Silk Road" to boost the international maritime trade associated with China. Therefore, under the business-as-usual (BAU) scenario without new policy involved, CO 2 emissions in the maritime industry will continue their growth trend over the next long period.
Second, our results show that the population-scale factor always has a positive impact on CO 2 emissions changes in China's international maritime transportation sector. Unlike the promoting factor of economy, the accumulated effect of the population scale is limited, representing 7.6% of the total variation in CO 2 emissions. The population size of China increased from 1.25 billion in 2000 to 1.39 billion in 2017, representing an increase of more than 100 million people. Nonetheless, due to the enormous population base, the growth of China's population failed to promote the increase of CO 2 emissions as much as the other contributors. According to national population planning, the population scale is projected to continue to increase during the "13th Five-Year Plan" and the "14th Five-Year Plan" until 2030. Therefore, the population-scale factor is expected to be the positive driving force of China-oriented international maritime transport CO 2 emissions over the next few years.
Third, the maritime transportation intensity effect appeared to increase CO 2 emissions over the study period. The maritime transportation intensity effect is measured as the maritime transportation turnover volume per unit of GDP. The factor of maritime transportation intensity in this paper is defined according to the transportation intensity, which conveys the connection between the development of transport demand and the economy [29] . The accumulated effect is an increase of 11.69 Mt, occupying 9% of the total CO 2 emissions changes. As seen in Figure 4 , the effect of maritime transportation intensity showed a fluctuating trend. Specifically, the maritime transportation intensity stimulated the variation in the CO 2 emissions in most years but not all. During the observed period, the accumulated effect of maritime transportation intensity has restrained CO 2 emissions from China-oriented international marine transport activities. Theoretically, the inhibition of CO 2 emission increments comes from the decline of maritime transportation intensity. We notice that the maritime transportation intensity always curbed the increase of CO 2 emissions from 2013 onward. This trend indicates that there is a potential for this effect to decrease the related emissions in the future. In general, the inhibiting impact of the maritime transportation intensity fails to overcome the positive impact and the maritime transportation intensity appears to be a positive cumulative contributor.
Fourth, commodity structure is regarded as an important inhibiting effect, with a cumulative reduction of approximately 13.35 Mt CO 2 emissions, occupying 10.2% of the total CO 2 emissions changes. Specifically, the influences of the commodity structure factor varied significantly annually, with a consistent fluctuation during the study period. The effects of commodity structure changes on CO 2 emissions are explored in depth, as shown in Table 2 . Note: ∆C ts1 . . . ∆C ts7 denote CO 2 emission changes caused by the commodity structure variation of crude oil tankers, products tankers, chemical tankers, liquid gas carriers, bulk carriers, containerships, and reefers.
The commodity structure effect represents the changes in the proportion of the defined trade commodity turnover volume with respect to the total turnover volume. Among all categories of shipping modes, the turnover volume changes of bulk carriers, liquid gas carriers, and crude oil tankers proved to contribute to the promotion of CO 2 emissions, whereas the other sub-sectors inhibited emissions. Despite having the highest energy efficiency, the commodity turnover volume proportion of bulk carriers has experienced considerable increases, from 63% in 2000 to 70.6% in 2017, which promoted the corresponding CO 2 emissions. For the primary inhibiting sub-sector, the variations of the turnover volume of containerships reduced the cumulative CO 2 emissions by 14.77 Mt. This can be attributed to the relatively high energy consumption per unit of the turnover volume in containerships. Compared to the remarkable influences caused by bulk carriers and containerships, the other five categories are expected to have been more moderate during the study period considered. Generally, the CO 2 emissions reductions caused by the decline in the turnover volume proportions of containerships, crude oil tankers, chemical tankers, and reefers were able to overcome the CO 2 emission increments of the other three sub-sectors. Therefore, the commodity structure effect curbs the increase in CO 2 emissions. Fifth, energy intensity is a major inhibiting factor for China's international maritime CO 2 emissions. Between 2000 and 2017, the declining energy intensity contributed to 13.01 Mt of accumulated CO 2 emissions reduction, with a cumulative effect of −10%. Figure 6 compares the value of the energy intensities for all seven shipping modes between 2000 and 2017 [39, 40] . As seen in Figure 6 , dramatic variations exist among the energy intensities of the seven vessel types. The energy intensities of the containerships and products tankers are relatively high and are more than three times and twice that of bulk carriers and crude oil carriers, respectively. In comparison, the energy intensities of the reefer cargos, chemical tankers, and liquid gas tankers are expected to be lower, within the range of 3 g/t*km and 4 g/t*km during the observed period. Figure 5 reveals that the energy intensities of all the considered shipping modes experienced a moderate decline from 2000 to 2017. In fact, energy intensity refers to the overall energy efficiency of the vessel type. Therefore, the reduction in energy intensity contributes to the mitigation of CO2 emissions since the improvement in the energy efficiency of vessels facilitates the suppression of CO2 emissions. The quantitative analysis result indicates that the decrease in energy intensity and the improvement of energy efficiency are the key outlets to mitigate the CO2 emissions of China's international maritime transport sector. Table 3 shows that the decoupling status underwent three states during 2000-2017: Expansive negative decoupling, expansive coupling, and weak decoupling. Specifically, the decoupling index first increased from 1.972 to 2.115, and then gradually decreased to 0.724 in 2017. As can be seen in Figure 7 , the periodic characteristics can be divided into four stages: The As seen in Figure 6 , dramatic variations exist among the energy intensities of the seven vessel types. The energy intensities of the containerships and products tankers are relatively high and are more than three times and twice that of bulk carriers and crude oil carriers, respectively. In comparison, the energy intensities of the reefer cargos, chemical tankers, and liquid gas tankers are expected to be lower, within the range of 3 g/t*km and 4 g/t*km during the observed period. Figure 5 reveals that the energy intensities of all the considered shipping modes experienced a moderate decline from 2000 to 2017. In fact, energy intensity refers to the overall energy efficiency of the vessel type. Therefore, the reduction in energy intensity contributes to the mitigation of CO 2 emissions since the improvement in the energy efficiency of vessels facilitates the suppression of CO 2 emissions. The quantitative analysis result indicates that the decrease in energy intensity and the improvement of energy efficiency are the key outlets to mitigate the CO 2 emissions of China's international maritime transport sector. Table 3 shows that the decoupling status underwent three states during 2000-2017: Expansive negative decoupling, expansive coupling, and weak decoupling. Specifically, the decoupling index first increased from 1.972 to 2.115, and then gradually decreased to 0.724 in 2017. As can be seen in Figure 7 , the periodic characteristics can be divided into four stages: The expansive negative decoupling stage During the first stage (2000) (2001) (2002) (2003) (2004) (2005) (2006) , the decoupling index ranges were all greater than 1.2, which implied that the CO 2 emissions growth rate was higher than that of economic growth. This is mainly because the process of trade globalization underwent rapid development after China's accession to the WTO in 2001. Under such circumstances, the demands of the bilateral trade associated with China considerably expanded and thus, China's international seaborne trade activities increased at a staggering rate during that period. The authorities emphasized the booming economy, rather than being concerned with transport environmental issues. Under such circumstances, the annual growth rate of maritime transportation CO 2 emissions (17%) surpassed that of the GDP (annual growth rate 10.3%), and thus, expansive negative decoupling occurred. During the first stage (2000) (2001) (2002) (2003) (2004) (2005) (2006) , the decoupling index ranges were all greater than 1.2, which implied that the CO2 emissions growth rate was higher than that of economic growth. This is mainly because the process of trade globalization underwent rapid development after China's accession to the WTO in 2001. Under such circumstances, the demands of the bilateral trade associated with China considerably expanded and thus, China's international seaborne trade activities increased at a staggering rate during that period. The authorities emphasized the booming economy, rather than being concerned with transport environmental issues. Under such circumstances, the annual growth rate of maritime transportation CO2 emissions (17%) surpassed that of the GDP (annual growth rate 10.3%), and thus, expansive negative decoupling occurred. During the second stage (2006-2009), the decoupling index ranges were all lower than 0.8, which decreased significantly from the first stage. According to Clarkson Research data, the growth in the international seaborne trade of China slowed to less than half the growth rate recorded in the first stage [51] . China's imports also grew at a slower pace than that of previous years. As demand for maritime transport services derives from the need to carry international trade, China's seaborne trade could not be sheltered from the contraction in the financial crisis and merchandise trade during that period [59] . The depression of the shipping industry caused the slow growth of CO 2 emissions during that period. Regarding the economic situation, the GDP of China was continuously maintained and experienced high-speed growth (an annualized rate over 10%). As a result, the weak decoupling state appeared during the second stage.
Decoupling Analysis of CO2 Emissions and Economic Growth
Decoupling Analysis of CO 2 Emissions and Economic Growth
During the third stage (2009-2013), the demand for China's international seaborne trade global economy rebounded and recovered from the reduced merchandise trade [60] . The recovery of China's international maritime trade was robust and resulted in a rapid increase in CO 2 emissions (an annualized rate of 8.9%). Specifically, the demand for liquid gas carriers (LNG) and dry cargo trades (coal and iron ore) increased rapidly over this period [61] . Consequently, the increase in the rate of CO 2 emissions was approximately equal to the economic growth (an annualized rate of 8.9%). As a result, an expansive coupling state appeared between economic growth and CO 2 emissions.
During the fourth stage (2013-2017), the decoupling index presented a downward tendency compared with the third stage. After the high-speed growth of the national economy, the economic growth of China was expected to be moderate, with an annual rate of 6.9%. Meanwhile, a series of policies were implemented by authorities that induced a decline in the growth rate of CO 2 emissions. The import demand for iron weakened due to the depression of the Chinese steel industry. To encourage the development of the domestic coal supply, coal import duties were introduced that were likely to reduce coal imports [62] . Moreover, the improvement of energy efficiency was also likely responsible for the transitions of state. Therefore, the growth rate of CO 2 emissions (annual average of 4%) appeared much lower than that of GDP, and weak decoupling thus occurred. Even if the decoupling elasticity exhibited weak decoupling at the end of the study period, there is still a long way to go to delink the connection between CO 2 emissions and economic activities.
The decoupling index was then decomposed into five factors based on the results of the LMDI. The behaviors of sub-decoupling indicators during the four sub-periods are described in Figure 8 .
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The decoupling index was then decomposed into five factors based on the results of the LMDI. The behaviors of sub-decoupling indicators during the four sub-periods are described in Figure 8 . As can be seen from Figure 8 , the effect of energy intensity (D ed ) was greater than zero in most years, which indicates its positive effect on the decoupling relationship between maritime CO 2 emissions and economic activity. The value of the energy intensity decoupling effect (D ei ) showed an increasing trend during the four stages, suggesting that the energy intensity indicator positively accelerated decoupling. Similar to energy intensity, the value of the commodity structure decoupling effect (D ts ) was almost lower than zero and appeared to promote the decoupling relationship, except in the period 2000-2006. It is likely that the variation of the commodity structure contributed to the decoupling in most stages. In a particular stage, the effect of commodity structure on the decoupling relationship was even greater than that of the energy intensity during the period 2006-2009. The impact of the maritime transportation intensity indicator (D ti ) was sometimes positive and sometimes negative, meaning that sometimes the maritime transportation intensity promoted decoupling and sometimes it inhibited decoupling. The economic growth effect (D ed ) and the population-scale effect (D p ) on the decoupling progress were always negative over the study period. It should be noted that D ed played an apparent inhibiting effect on the decoupling states, and D p appeared to be a weak inhibiting factor in terms of the decoupling states. Therefore, to break the delink between environmental issues of China's international maritime transportation and the economic growth of China, this paper advocates for the technical development of vessels and optimization of commodity structure, in order to stimulate the generation of the decoupling relationship.
Conclusions
With the increasing international trade and economic growth of China, the demand for maritime transportation and its associated CO 2 emissions will continue to grow. Consequently, it is important to find pathways to achieving a reduction in CO 2 emissions of China-oriented international shipping, which is the purpose of this paper. This paper estimated the CO 2 emissions associated with the China-oriented international seaborne trade and discussed the trajectory of the CO 2 emissions. Then, the LMDI approach was introduced to decompose the main factors affecting changes in the aggregate CO 2 emissions from maritime transportation activities. Finally, this paper employed a decoupling approach combined with the LMDI method to examine the decoupling relationship between CO 2 emissions and economic growth, and major indicators influencing the decoupling relationship. Several conclusions can be made:
(1) The aggregate CO 2 emissions from the China-oriented international marine trade sector showed an escalating trend from 32.93 Mt to 163.4 Mt during the period 2000-2017, following average annual growth of 9.9%. Among the seven vessel types considered, bulk carriers proved to be the largest emitter of CO 2 emissions in 2017, and liquid gas tankers reported the fastest growth rate, with a thirteen-fold expansion; (2) Economic growth proved to be an overwhelming contributor to the increase of CO 2 emissions, which accounted for 103.6% of the aggregate emissions over the study period. Population scale and the maritime transportation intensity displayed relatively weaker effects compared with economic growth, with cumulative contributions of 7.6% and 9%, respectively; (3) Energy intensity and commodity structure played significant roles in inhibiting CO 2 emissions.
The contributions of both inhibitory effects were approximately equal, with cumulative contributions of approximately 10%, respectively. Generally, the mitigation effect caused by the combined inhibiting factors failed to overcome the increase in CO 2 emissions produced by the promoting factors; (4) The decoupling effect between CO 2 emissions in the maritime industry and the economic growth of China underwent three states (expansive negative decoupling, expansive coupling, and weak decoupling), with a shift from negative decoupling to weak decoupling over decades. The energy intensity indicator played a key role in promoting the decoupling relationships, whereas economic growth appeared to be the most negative indicator of the decoupling.
Practically, some factors, including economic activity, population scale, and commodity structure, are likely to be the objective factors that are difficult to alter for the present. If the authorities have access to high-quality economic development or optimize commodity structure, the CO 2 emissions in maritime transportation are expected to be reduced. Moreover, regarding the subjective factor of energy intensity, the results revealed that improvement of the energy efficiency indeed facilitates CO 2 emissions mitigation in the maritime sector. Therefore, it is suggested that the authorities support technological innovations such as the "design efficiency" of newly built vessels to improve the energy efficiency. Ultimately, there is no silver bullet solution to decarbonization [37] . The route to decarbonizing shipping requires a combination of various mitigation policies, which is a long-term process. It is suggested that policymakers regularly monitor the transition of emissions in the shipping industry and respond quickly with proper effective instruments. 
